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Abstract

Curvent  spacchorne opplicalions desive cowgr el
low weight, and high capacily data stovage susiv s
along with the additional requircient of 1odiaton op
crance. This paper discusses o memnory systen: o o
sadti-chap wodule (MCOM) that is desigued fo, sp o
applications. Over 1.5 Gigabils (Gbits) of slove
incorpovated into the system Lo provide 1 Chit of ofj.
tive data storage, 0.26 Gbit for cither Do cods
error corrvection cheek bits or addilional date bes i
crror correction is not desived, and 320 Mbits for fad
The memory MCM is loased
on the Irvine Sensors Corporation 12-high (160 M,
DRAM dic stacks along with an Actel 12804 19 1
Programmable Gote Avray (FPGA) for the DAL
controller.  The design is iminune to simgle cocu
latchup, radiation tolevant 1o 85 Krads (Si) tolal do-e.,
and predicted 1o cahibil a bil error rale << 0.009 -
vors/day (low carth orbit). A single memnory MOA
wrill support o sustained bondwidth of 117 Miis /s
Haigher bandwidth car be achicved o a systenn b o
corporateng additional memory MCOMs.

lolerance and sparing.

1 Introduction

Spacecraft. trends  are moving toward st
lightweight designs to reduce overall life-oycle o
However, mission {rends toward spacecralt autonony
aud on-board science data analysis are necessiionng,
bigher maemory capacitics, thus creating, i confic
ing requirernent to simaller mass and volume m spiae
based solid-state recorder (8SR) subsystemns. By ol -
inating chip packaging bulk through multi-chip o
ule (MCM) technology and die stacking., both @ e
crease in memory capacity as well as a reduction i
mass and volwme can be achieved.  The 1-Chgabi
mass memory MOM assembly, jointly developoed b
tween Sanders and the NASA Jet Propulsion Labiors
tory, diveetly addresses the need for compuirct spae

auadifiable memory systems. The use of 3D man-
ory die stacks and a Field Programmable Gate Ar-
ray (FPGA) based contiroller, integrated onto a sin-
gle MONM, provides a high density building block for
date storage system needs, The controller design pro-
vides Hamming, code cerror detection and correction,
DRAM spaving. aud block sequential memory access:
ing, te snpport the needs of fault tolevant spaceborne
memory systems. Some potential applications for the
maemnory MCM include (1) the solid state recorder for
the Pluto Express mission and (2) the Sanders Solid
State Recorder.

1.1 Spacccraft
Tyends

Storage Technology and

i the last severad decades, the National Acronau-
ves and Space Admwinistration (NASA) has launched
a fleet of highly capable robotic spacecraft for the ex-
ploration of deep space. Missions such as Voyager 1,
Voyaper 2, Magollan, Ulvsses, and Galileo have been
exirernely successfol in furthering mankind’s under-
standing of om Solar Systermn. These missions have
eencially been very complex, and thus required many
vears 1o design, develop, and operate. Moreover, the
cost for cach of these programs generally exceeded one
billione dollars during the mission’s life-cycle. Pro-
prams that spanned ten years for desipn and devel-
opincin would typically have obsolete techimology by
the time of launch.

For the past several years, NASA’s declining budget
Las nitiated o set of anbitious, highly focused, and
vet nore freguent and less costly nissions to explore
voth deep space and om own planct Karth, Consider
as an exawple the wmemary technology on the Galileo
shacecrafl which was Jaunched in October 1989, The
Command and Data Handling subsystem has a to
ral of 381 KByices of static random access memnory
iSTRAN) using a total of 864 integrated circuit. chips
(10sY wheve each 10 is 9 Khits; and the Attitude and
Articulation Control Subsystenn (AACS) has a total



of 128 KBytes of memory (SRAM) using meae th n
1000 1Cs where cach 1C is 1T Kbit. Contrast this ¢
the Mars Pathfinder (Jow-cost) mission scheduoled o
be launchied in December 1996 in which o total of 041
16-Mbit. DRAM chips mplements 2 1 Ghit stonae ¢
device for the single board spacecraft computen

As shown in the table below from the recentiv puo
lished National Technology Roadmap for Scinice i
tors [4], new generations of DRAM devices wie oy
pected every three years, driven by advances vy iia
optical lithography technology that enables finite
duction in the minimum feature size.

Yem | Min. Teature Size | DRAM Capaicity

199)) 0.5 16 Mt
199& 0.35 64 Mbit
2001” 0.25 256 Mbit.
2004 0.18 1 Ghbit
2007 0.12 4 Ghit
2010 0.08 16 Ghit

In the design described in this paper cunre n Iy
available yet advanced 16 Mbit DRAM dic stuchs o
used {o implenmient a 1 Ghit solid state yecordin v
spacchorne applications. Additional use of Muli-cl iy
Module techimology enables integration of vver 100 b
into a single module which results in a highly conpe
light-weight, and reliable solid state recorder oo
that weighs on the ovder of 100 grams. "Fins des
is also adaptable to future memory and siaching i
vances.  Missions such as the NASA Pluto Faypnose
project which starts in 1999 and launches 30 2000 .y,
in fact, plan to use 64-Mbit DRAMs to hinplenen &
4 Ghit solid state recorder within a mass budiei o
100 grams. This in itsclf is a major enabling techuol
ogy for many future missions of the New Millennio

2 Design Overview

The iass mCmory module presented in this pooe
is designedas a 32 Mbitx 40 casy-1o-use heililnyg
block for space-base J solid-state recorder (S8 «
tems. The module uses dynamic random &0 cess
ory (DRAM)whichprovides ahigh 11¢1 nory denisy
ma g rat 10,1 he M oadule’s IDLErn al e ynor veonio e
handles the required DRAM refreshing, and PN
control sc11¢110¢s sothatthemGmory modulcanh
easity U sed 1 ch like static rand om aceess e
(SRAM). Optional Hanming code error detes oo i
correction (EDAC) is provided such this ghe 300

date width can support either (1) a 32-bit data word
with 7 bits of single bit error correcting or double bit
rrror detecting Hamming, code chieck bits or (2) a 40-
bit data word without Hannning code DAC. Faror
detection and conection is handled intermally by the
controller. ¥aror diagnostics, however, are externally
svailable to allow external activation of the DRAM
spares according, o cach SR system’s individual re-
quitcarits. Wha the internally supported EDAC is
nsed b efleetive data capacity of the iemory MCM
w1 Ghit The eflective data capacity increases to 1.25
Gibits when the wodule is nsed as a 40-bit wide data
sorap s ithout BEIAC,

Pigie 1 provides a high Jevel deseription of the
nodole and its address, data and control lines. Ac-
cessing, the modnle’s memory is simply controlled by
the MO enable, outpnt enable (O1), read /write con-
rol (R/W), address and data lines. A 40-bit data
width acconnnodates 32 bits of data and cither (1)
an additional 8 hits of data or (2) up to 8 check bits
for EDAC, The temaining, control and output lines in-
cAude:

e Bk Enahle mitiate reading or writing of sc-
gumnces of blocks with sequential addressing. A
mitial block add ress and block count must be
spe -ified tootiph the address and data lines.

e Jel osh Saronb initiate scrubbing during, the
vefresh proscess (detection and correction of or-
rons within oy ver sus refresh-only without
sernhhbing,

o PDAC By piss the ¥ DAC logic can be by-
passed{or applications that ap not want EDAC
processing 01 prefer o 40-bit data width,

« Dicplay display the address of the last
I DAC error: the address specifies the 4-word
block addiess. memory bank and die level within

sa0 31 stack of DR AM die.

¢ Kecontip 1econfipme the internal address map
toreplacefaileg nicnory dice with spares.

e 1DAC I output stirtus line indicating the
detectionolan cnor during FDAC

e (o011 (C(((1. Y1 ot Hpul status ]in(-,in(li(:al,ing
the correction of asingle biterror ina 32-bit word

during EDAC,

o« NMOM_ Busy
tie MCN s emrently busy processing. To con-

outputstatus line to indicate that

Save repisters, comtuand g are not queued within
the memory m odule




e Accessing Blks output status live adies g
that the MCM is currently accessing:
of blocks. This line can also be monmtone
determine when refreshing is taking plire b
fore/between a series of sequential blocl e o

Additional lines are provided for testability, -
g direct access to the DRAM and controlie |,
component. lines.,
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The DRAM controller design is based on 1) o
tel 1280A Field Programmable Gate Aviay (1750
(1. The flexibility of an 'PGA enables faster i
cheaper breadboarding and prototyping than cosro
Application-Specific Integrated Cireuit (ASICe Ay
IPGA also allows a wide variety of controtler spiiis
refreshing, schemes, and enstom controller schern o
be offered in a final poduct line. FPGA:. hovewvo
arc 1/0 pin limited; as a result the menory
design uses a two-phase row /column-like apyn one
asserting the memory addres

The memory module is designed with 1he
Sensors Corporation (1SCY) 12-high DRAN stacie |2
where cacli stack yvields 10 usable die. Fach sl Pros
vides 160 Mbits of storage in which one 16 Mbit 113 i
Luna-1S die is accessible at any given thme along,
4-bit wide data path. On the 1SC 12-high DIVAL
stacks, the corresponding, data lines, addres- Hne.
columm address strobe (CAS) of each Luna 148 ¢
tied together while the row address strobe (RASY e
are independent.,

3 Memory Cartitioning

Radition testing of some IBM Tuna series die

A beand Lungs-C) has shown that, errors can oc-
cur onentire yows and cohmims of a DRAM dic [3].
1o avoid uncorreciable nltiple errors by any single
DRAN die failwre, the memory module places no more
tham one bit of any given word on a single Tana-ES
DRAM die. Vach DIRAM die, however, has a 4-bit
wide data path; the memory module thus Implements
bit yeierdeaving of 4 words for eflicient. utilization of
the memony space (Figme 2). As a result, cach single
o read or wiite aceesses four sequential words -
the dofiiition of @ single 4-word block on the menory
madn e

aM | B3V Wando M x4 | Bit0 Word 0
DEAM B3 Word ] PRAM [ Bit0 Word |
N ©Rit39 Word 2 ! — Bit 0 Word 2
e B3y Word 3 dic_F— Bit0 Word 3

ware 21 Iuter)eaving of Four Words

Only 23 address bits are required to aceess the 1.25
Gits of data and check hits in the memory MCM be-
canse cach sinple address references a 160-bit, singl
i-word block. A 1wo phase row/colunm-like addross-
mg approach uses 13 addiess lines 1o assert the 23-bit,

block address. T the first phase, thirteen address bit

spesify hoth (1) the memory bank to be accessed and
Y uhe row address to he accessed in cach of the active

Hedn the bank At ihe second phiase, ten address bits

specidy the columm of snanory Lo be accessed in each
NDRAN Be,

Reparding nemory  capacity, ten 18C 12-high
DRANM stacks (Figne 3) provide 1.25 Ghits for data
storape amd EDAC check bits plus an additional 320
Mbits for sparing. 'The upper and Jower portions of
the stacks are divided into two separate memory banks
where the cotresponding, subbanks of cach bank (half
+ bank) share two scts of spares (Figures 3 and 4).

1
words within the two subbanks of a 0.5 Ghit memory
hank. 1ich four- word hlock aceess requires four 40-bit
accessas to the memory bank where (1) the first access
ts todogical die level O of the subbank and reaches the
feast significant ten bits of cach of the fomn words, (2)
the seennd aceess is to logical die lovel 1 and reaches
the second least sipnificant bits of cach of the four
words, (31 the third sceess is to logical die Jevel 2 and

Figure 4 shows the orpanization of four interleaved

teaches the next ten more significant bits, and {4) the
SUaccess reaches the tenmost significant bits of all

Henee, fow active dice of eachh DRAM

For wonds,
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Figure 3: Memory Partitioning in the DRANS &

stack, corresponding 1o the given memory havk o
accessed during a read or write of a data hlod
control sequences to all four die levels are pipeh
reduce the total access time of the 4-word hloci
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Dic Yevel 7
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Bit 5 of all
Words in
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Igure 4: Bit Organization

1 NRAM Access Modes

The 15C DRAM stacks offer a varicty of access
noGes including 2 aead, cnly write and delayed
wiite, read-modifv-write, fast page mode read and
wiite fost page mode readanodify-write, RAS-only
yefresh, CAS before- RAS refresh, and hidden refresh
yoad and write. With the memory MCM design, the
nse of hit interleaving, (Fig, 2) 1estricts the selection of
DRAM necess modes for the controller. For example,
Jhite DMV ASdINe meory sehiemes use fast page mode

~

TO)

mwidly pipeline sequential word accesses, an ac-
cose 1o fom sequential words (block) within the mem-
oty MOM requites lom accesses to separate dic lev-
pasther than to seguneotial words within a single
Nie Jevel. Despite the limited DRAM accessing, op-
datons a baudwidth of 147 Mbits/sce can be main-

catned {on sequences of hlocks; thisis a ‘hieved through
pipclining within the DRAN accessing, contro) se-
quene,

Selection/eliminstion of DRAM access modes is
also based on a siniplification of the DRAM controller.
For example, RAS only refreshing enables flexible con-
irol over the refieshing connter so that bit interleaved
words can be refreshed and scerubbed with comon

ic. And, carly write is chosen over de-
Jayed wiite due to the simplified logic and logic com-
ynonality with a read operation. As a result, the se-
Jected DRAN access modes for the memory MCM de-
sign is 1educed to read, carly write, and RAS-only re-
fresh this scelection choiee simplifies the controller

hardware log

< wall as satisfying the constraints imposed by
Heaving,.

desipn
bit n

5 Memor)
yoach

Systemn Packaging  Ap-

Requirements

The 1-Ghit mass memory system s intended for
jorg dimation spacellipht applications. Memory sys-
tem development therefore hinges on selecting an ap-
propriate NCM package to satisfy the requircments
for spar ¢ qualification and space missions. Among the
mandatory MCM packaging, attributes are high rclia-
hility, 1ow weight and small sive - features that are
importimi to the trend of smaller and better space-
craft A sommary of key attributes for a space-
ivd MCOM product/prototype include

quan

e Reliability



e Low weight and siall size

¢ Quantifiable performance capabilities

+ Cath to Class 1 and K quality sereoning, love s,
* roducible product /process

o Low recurring costs

Additional packaging, requiremnents specific oo,
1-Gbit wmemory MCM include:

e Package body ditnensions not. o exccd 2

o Weipht not to exceed 100 grams

¢ Leaded surface mount packagc

* 300 leads minimun, 25 mil pitch mininan,
e Power dissipation > AW continuons

@ 1 KHz - 10 K11z

¢ Shock, b0 ¢

o Hermetically scaled package

e Outgassing: < 1% Total Weight Toss (1w
< 0.1% Volatile Condensible Mateyinl (VO

¢ Accommodations for memory die stacks
To date, numerous MCM te hnologies e b

vestigated and evaluated for the mass IMCHIOTY Sys
These include:

¢ ackaping
Aluminun
package)
rinted Wiring, Board (PW]

lastic encapsulation

Nitride/  Ceramic  (has i

+ Substrate/Interconnection
Multi-layer (ceramic/PWR)
Silicon

High Density Interconnect, MDY, o Gener o
Electrie developed (hin fihn polyimide oy
lay technology

ubstrate

§

¢ Component Connection

Wire bonding,
HDI

Special packaging, constraints mposed by the yneinon,

1

die stacks have also been identified and evalnasted

0.2 Packaging c<hallenges from Memory
Die Stacks

Momory dic stacks present several unique packaging
challinpes which are understood and uniquely resoly-
able by cach MON manufacturer. The issues associ-
ated with the stachs include stack height, variation in
stack Dcight, and confignration of the stacks. First,
stack height significantly influences the minimumn sep-
aration /spacing, hetween stacks on the MCM. For tall
Stacks 119040 mils), suflicient. spacing must be pro-
vided to allow the automatic wire bonding equipment
to 1each between the stacks for bonding to the sub-
strate. Mechanical requiremnents on wirebonds, such
as aspect yatio, also aficet stack spacing. The net re-
sult of these two requirements

is a forced separation
of adzacent die stacks,

DT interconiect techmology does not present the
stack spaciug issues of wirchonding. However, height
variations vather than overall stack height impose
HDI process as-
unes that all stacks me ahnost exactlly the same
heighi. When stack height variations exceed the

additional processing, steps. Th

)

HDI olerated hicight vaviations, a unique baseplate
willing /shimtmge o1 cach stack is required to achieve
il connection plane elevation.
Vaiistions iicusable dic configuration within a stack
slso prosent o challenpe 1o MCM falwication.  For
vield

liprovement. the memory die stacks have two
spate dic so that any ten of the twelve stacked die
a1¢ puaranteed to be known-good when delivered 1o
usable
A confipumation can be different., Through selective
wire bonding /connection, the MCM asseibly process
st secount for vhese configuration differences, thus
cutailing an extra step o ithe fabrication Process.

omer. As a consequence, cach stack’

2.3 NMCM Technology ¥valuation

Ui the evaluated packaging techmologies, the base-
lned Cerandie/Aluminum Nitride package with wirce
honded die conmection provides the most mature pro-
duction path to the MCM with moderate recurring
costs. However, the Tnnitations imposed by wire bond-
g, resalt in varying, degrees of memaon y stack packing
efhiciencies and can resalt in g larger overall package
with increased weipht. The potentially long wire bond
Pnnecdon also creates electiical properties that may
Peguire special attenton.

Tree sdvanced aabstiate and electrical conmection
sppraaches to MOMs were also examined; these i
chide a PWR with clip (bare die)-on-bhoard, and plas-
tecocapsnlationowith HDJ. Both approaches address



the reduction of MCM size, and henice overallweip i
The use of alternative materials also helps to 10 bac
weight. Due to the interconnect techmolopy o 113 DI
and a mult i-level interconnmection capability vl e
combination of PWB and HDI, dic/stack/c omp v
density (spacing) is ¢ flectively higher.  Additionadly
the PWIB and plastic cneapsulation apponc bopro
vides a 101% mass, integral pa ckage body forihe NOK
lead frames 017 flex-print can be u sed formpun | nd
out.put of signals to/ from the MOM. Foit ¢ sead
vaticed approaches, an additional packapgc wir boiss o
ciated weight is needed for hermeti city.

Fach of the evaluat ed packaging and int ¢creomne
t ion ap proaches hasdemonstrated desivable fosnnes
We are cur rently in the process o f selecting thieh s
approach for our needs.

6 Summary

This paper has present ed the high-level desipan ol
1-GDhit single error cop recting memory syt , anan
MCM (or ] .25-Gbit noni-error checking 1ociony s fin
spaceborne applications. FPen Jrvine Serasors (2 hial
160 Mbit DRAM stacks provide the requitcd sieriap,
for both data, FDAC, and spares. While dic st Ling
presenits height, height variation and die confipur ation
issues to MCM fabrication, MCM technologies pnovide
awide varicty of packaging options 1o 1 exolve i hes
issucs. Together | die stacking and MCM technctogn
help to achieve © he goal of reduced weight ard s, ton
space applications.

The presented mer nory module design s fnonnmng
to single eventlatchup, radiation tole rant to 84 by ads
(Si) totaldose, and is predicted 1o exhibit & baryg
1017 1 ate << (0.002? errors/day (ow carthorhaty  the
memory MCM desig nprovides eq asy-10 usc 1o e
such as internal refreshmanagement, sc1 abbie v
sus re frosh-only opt ions, blo ck sequentiad aee o, g,
EDAC and an EDAC-bypass option, and snnpoh oo
cessing, ¢ ontrol sitnilar 1o that of accessing SiP AR,
Both smalland large spaceborne data St orapesy 1 cins
(’0111(1 bemadesmallerand lighter withithemonory
mo dule as a building block.
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